GaN-based light-emitting diodes (LEDs) grown on photonic crystal-patterned sapphire substrates (PCPSS) have been demonstrated. PCPSS was fabricated by nanosphere lithography, and the photonic crystal structure was the hexagonal-lattice pattern. The forward voltages of PCPSS and patterned sapphire substrates (PSS) LEDs were smaller than that of conventional sapphire substrates (CSS) LED, and it infers the epitaxial film quality of PCPSS and PSS LEDs has been slightly improved. The luminance intensity of PCPSS LED was 1.63 and 1.51 times higher than those of CSS and PSS LED at 20 mA injection current. The enhancement in the luminance intensity of PCPSS LED is attributed to the photonic crystal structure.
Introduction
Light-emitting diodes (LEDs) have been a promising candidate for general solid-state lighting because of environment friendly, energy saving, and compact. 1) However, the external quantum efficiency of LEDs is mostly limited by their low light extraction efficiency caused by the large difference of the refractive index between LED die and external medium. According to Snell's law, the critical angle of total internal reflection is about 23
for GaN-based LEDs if the external medium is air, and there is only 4% of emitting light can be escaped from each surface of LED die. GaN-based LEDs grown on patterned sapphire substrates (PSS) have been proposed to increase light extraction efficiency by scattering and to reduce threading dislocations. [2] [3] [4] Furthermore, photonic crystal is the promising technique due to the great improvement of light extraction efficiency. [5] [6] [7] Photonic crystal structures were usually fabricated by e-beam lithography, 8) holographic lithography, 9) and nanoimprint lithography. 10) However, the drawbacks of the above lithographic techniques are low throughput and high cost. Therefore, a simple and economic technique, nanosphere lithography, was recommended to fabricate photonic crystal structures. 11, 12) In this paper, a new approach, photonic crystal-patterned sapphire substrates (PCPSS), was used to further enhance light extraction efficiency by integrating the techniques of photonic crystals and patterned sapphire substrates.
Experimental Procedure
PCPSS was fabricated by nanosphere lithography, and the process flowchart was shown in Fig. 1 . Before spin-coating, the sapphire substrate was first cleaned by dipping in the solution of sulfuric-peroxide mixture (SPM) for 30 min at room temperature. Then, the solution of polystyrene nanospheres with a diameter of 500 nm was spin-coated on the cleaned sapphire substrate. Two steps of spinning speed were taken for the uniform coating of large area. Spinning speed of the first stage is 400 rpm for 5 s to spread the solution sufficiently, and that of the second stage is 3000 rpm for 45 s to spin away the excess solution. The nanospheres were further thinned to define the interval space between them by O 2 plasma treatment for 200 s. The O 2 flow rate and the RF power were 100 sccm and 100 W, respectively. A 40-nm-thick Ni layer was then deposited on the surface of the sapphire substrate with the thinned nanospheres by e-beam evaporator. And the temperature of the sapphire substrate with the thinned nanospheres should been kept under 70 C in the whole Ni deposition process to avoid the collapse of the thinned nanospheres. The thinned nanospheres were lifted-off by immersing in a CH 2 Cl 2 solution for 10 min at room temperature, and the remained Ni pattern was used as the mask in the further etching process. The Ni pattern was transferred to the surface of the sapphire substrate by inductively coupled plasma (ICP) dry etching for 10 min. Gas flows of Cl 2 and Ar in the ICP etching were 30 and 10 sccm, respectively. And the ICP and RF powers were 700 and 120 W, respectively.
Sapphire substrate was loaded into a metal-organic chemical vapor deposition (MOCVD) system. The LED structure comprised a 30-nm-thick GaN nucleation layer, a 2-mm-thick undoped GaN layer, a 2-mm-thick Si-doped n-GaN layer, an InGaN/GaN multiple-quantum wells (MQWs) active region of 450 nm emitting wavelength, and a 300-nm-thick Mg-doped p-GaN layer. Partial surface of the LED wafer was etched to form a mesa until the n-GaN layer was exposed. Indium tin oxide (ITO) was subsequently evaporated onto the p-GaN layer to serve as the transparent contact layer. Cr/Pt/Au metal layers were deposited on part of the ITO layer and the exposed n-GaN layer as the p-and n-electrodes, respectively. Lastly, the LED wafer was cut into the die size of 350 Â 425 mm 2 . Figure 2 shows the schematic diagram of the GaN-based LEDs grown on PCPSS. The current versus voltage (I-V) characteristics of LED dies were measured by Keithley 2400. The luminance intensity versus current (L-I) characteristics of LED chips were measured by a calibrated photodetector. Figure 3 shows the surface images of sapphire substrate by filed emission-scanning electron microscopy (FE-SEM) after different treatments shown in Fig. 1 . The FE-SEM image of a uniform hexagonal close-packed monolayer of nanospheres with 500 nm diameter coated on the surface of the sapphire substrate was shown in Fig. 3(a) . The diameter of the thinned nanospheres was about 370 nm as shown in Fig. 3(b) . The FE-SEM image of Ni pattern after lift-off was shown in Fig. 3(c) . After the dry etching process, the period and hole diameter of photonic crystal pattern were 500 and 400 nm shown in Fig. 3(d) , respectively. The hole depth of the photonic crystal pattern was about 80 nm measured by atomic force microscopy (AFM).
Results and Discussion
There are two methods to utilize photonic crystal structures to improve the light-extraction efficiency of LEDs. 13) One approach is to couple the trapped waveguide modes within the LED to the photonic bandgap, but the pattern size of the photonic crystal structure is very small. Therefore, such an approach is difficult to realize in practice, as there are significant epitaxial problems for small pattern size of the photonic crystal structure. A second approach is to use the refractive index periodicity of photonic crystal to diffract trapped waveguide modes above a certain cut-off frequency into externally propagating modes, which thus improves the light-extraction efficiency. The design of the photonic crystal structure used here is based on the second approach.
For comparison, GaN-based LEDs grown on conventional sapphire substrates (CSS) and PSS, with 3 mm diameter, 3 mm spacing, and 1.5 mm depth, were also prepared. Figure 4 shows the I-V characteristics of the GaN-based LEDs grown on PCPSS, PSS, and CSS. The forward voltages of the PCPSS, PSS, and CSS LEDs measured at the injection current 20 mA were 3.17, 3.14, and 3.27 V, respectively. The forward voltages of PCPSS and PSS LEDs were smaller than that of CSS LED, and it infers the epitaxial film quality of PCPSS and PSS LEDs has been slightly improved.
3) Figure 5 shows the L-I curves of the GaN-based LEDs grown on PCPSS, PSS, and CSS. At 20 mA injection current, the luminance intensities of PCPSS, PSS, and CSS LED were 57.55, 38.19, and 35.36 mcd, respectively. The luminance intensity of PCPSS LED was 1.63 and 1.51 times higher than that of CSS and PSS LED at 20 mA injection current, respectively. The improvement in the luminance intensity of PCPSS LEDs is contributed to the enhancement of light extraction efficiency via photonic crystal structures. Compared with PSS, PCPSS can increase the number of patterns in the same LED chip size by reducing pattern size, and then improve the light extraction efficiency. But in the device fabrication process, the smaller pattern size of PCPSS is a challenge for epitaxial technology. The hole depth of the photonic crystal structure used here is easy to grow LED structure, but it is not deep enough to increase light extraction more effectively. Therefore, it is possible to further improve the light extraction efficiency by optimizing the hole depth.
Conclusions
We have demonstrated superior output performance of GaN-based LEDs with PCPSS structure. Nanosphere lithography was applied in the fabrication of PCPSS, and the photonic crystal structure was the hexagonal-lattice pattern. O 2 plasma was successfully used to thin down the nanospheres, and the pattern of Ni mask was transferred to sapphire substrate by ICP dry etching. The forward voltages of PCPSS and PSS LEDs were smaller than that of CSS LED, and it infers the epitaxial film quality of PCPSS and PSS LEDs has been slightly improved. The luminance intensity of LED grown on PCPSS was 1.63 and 1.51 times higher than those of LED grown on CSS and PSS at 20 mA injection current. The PCPSS LED has superior capability for enhancing the directional light extraction due to photonic crystal structures.
